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CRYOGENIC PIPELINE CONFIGURATIONS AND METHODS 



This application claims the benefit of our U.S. provisional patent application with the 
serial number 60/556,535, which was filed March 26, 2004, and which is incorporated by 
5 reference herein. 

Field of The Ipvention 

Configurations and methods for pipelines in which cryogenic materials (typically at 
least below -200 **F) are transported. 

Background of The Invention 

10 Cryogenic transport of fluids and/or gases in pipelines is often problematic as the low 

temperature of fluids or gases entering the pipeline leads to substantial shrinkage of most pipe 
materials, thereby generating significant thermal stress. While numerous attempts have been 
made to acconmiodate for thennal stress, new difficulties arose with such solutions. 

In most known configurations, cryogenic pipelines have a pipe-in-pipe configuration 
15 in which an outer protective pipe circxmiferentially encloses an inner pipeline in which the 
cryogenic material is transported. Thus, such systems typically include an aimular space that 
is filled with an insulating material or that is evacuated to a low pressure. Examples for such 
insulations include foam insulators as taught in EP 0412715, cylindrically wound aerogels as 
disclosed in W2004/099554, and use of a vacuum as described in GB 1422156. However, all 
20 or almost all of the known insulating materials fail to alleviate thermal stress that develops as 
the cryogenic material enters the pipeline. Therefore, even though insulating reduce cold loss 
to at least some degree, insulating materials fail to provide any structural support to the pipe- 
in-pipe configuration. 

To reduce thermal stress and to improve structural stability of the pipeline, corrugated 
25 insulation material may be employed as described in GB 2168450. Alternatively, the armular 
space may be pressurized as reported in statutory invention registration H594. However, such 
stabiUzation is typically still insufficient, especially for relatively long pipelines. Thermal 
stress may also be reduced by providing expansion joints and/or bellows that allow movement 
of one pipeline segment relative to another pipeline segment as described in GB 2186657. 
30 Unfortunately, while such configurations significantly (if not even entirely) reduce thermal 
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stress on the cryogenic pipeline, new disadvantages arise. Among other things, expansion 
joints and/or bellows are prone to leakage, relatively difficult to install, and once defect, 
cumbersome to replace. 

Alternatively, thermal stress may also be reduced in a pipe-in-pipe configuration by 
coupling the cryogenic pipe with the outer pipe using a stress cone that translates axial stress 
of the outer pipe into compression stress on thfe cryogenic pipe as described in U.S. Pat. No. 
3,865,145 and 4,219,224. In such configurations, the outer pipe is pre-stressed on the end 
portions when the pipeline is assembled, which results in a compression load on the cryogenic 
pipe. Once the cryogenic material is in the cryogenic pipe, the thermal contraction balances 
the compression. Similarly, as described in GB 1,348,318, thermal shrinkage forces of the 
cryogenic pipe are transferred to an outer jacket, which may optionally be pre-stressed. Such 
configurations are conceptually attractive as they are relatively simple to install, and allow • 
control over the degree of force transfer. However, in such configurations, installation is 
relatively complex as numerous welds need to be placed in sequence. Moreover, due to the 
particular attachment of the outer pipe to the inner pipe, and placement and configuration of 
the stress cones, the stress forces are focused on the welds that connect one cryogenic pipe 
segment to the next segment. 

In yet further known approaches, the cryogenic product pipeline is manufactured fi-om 
INVAR™ (36% Nickel steel), which has veiy low expansion and contraction properties as 
taught in U.S. Pat. No. 6,145,547. Consequently, thermal stress in such pipelines is almost 
completely avoided and construction is substantially simplified. However, INVAR™ steel is 
relatively expensive, and therefore often cost-prohibitive. 

Therefore, while various configurations for cryogenic pipelines are known in the art to 
reduce thermal loss and stress, all or almost all of them suffer fi-om several disadvantages. 
Therefore, there is still a need for improved configurations and methods for cryogenic 
pipelines. 

Summary of the Invention 

The present invention is directed to methods and configurations for pipelines, and 
especially cryogenic pipelines comprising a bulkhead that transfers thermal stress firom an 
inner pipe to an outer pipe using a bulkhead, wherein part of the bulkhead forms a conduit 
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that fluidly couples two inner pipes of the pipeline and that transfers a product from one of 
the two inner pipes to the other pipe. Most preferably, the pipeline is a cryogenic pipeline for 
transport of liquefied natural gas (LNG), and the bulkhead is a metallic bulkhead. However, 
in alternative aspects, non-metallic bulkheads are also deemed suitable for use herein. Such 
5 non-metallic bulkheads will typically transfer thermal stress via friction coupling between the 
inner and outer pipes and will only in some cases form a conduit for the product conveyed in 
the inner pipe. 

In one aspect of the inventive subject matter, a cryogenic pipeline has a bulkhead with 
an inner transition element, and a first and second outer transition element coupled to and at 

10 least partially surrounding the inner transition element. In such embodiments, it is preferred 
that the inner transition element forms a conduit that transfers cryogenic product from a first 
cryogenic pipeline to a second cryogenic pipeline. The first and second outer transition 
elements preferably couple a first and second jacket pipeline to the first and second cryogenic 
pipelines, respectively, such that thermal stress load in the first and second cryogenic 

15 pipelines is transferred to the first and second jacket pipelines, respectively. 

Most preferably, the inner transition element has a pipe configuration with an inner 
diameter that is substantially identical to an inner diameter of the first and second cryogenic 
pipelines, and/or at least one of the outer transition elements has an outer diameter that is 
substantially identical to an outer diameter of the first and second jacket pipelines. A sleeve 

20 may fiirther be disposed in a space between the first and second outer transition elements, and 
at least one of the inner transition element and the first and second cryogenic pipelines are at 
least partially enclosed by an insulating material. Additionally, an external insulation may be 
provided that covers the first and second outer transition elements. Typically, but not 
necessarily, the inner transition elements and the outer transition elements are contiguous. 

25 Where desirable, a weight (e.g., a coating) can be coupled to at least one of the first and 
second jacket pipelines. 

Therefore, in yet another aspect of the inventive subject matter, a field joint for a 
cryogenic pipe-in-pipe pipeline is contemplated, in which an inner portion of the field joint 
fluidly couples a first and a second section of a product conduit of the pipeline, in which an 
30 outer portion couples a first and a second section of a jacket of the pipeline, and in which 
inner and outer portions are coupled together such that thermal stress load fix>m first and 
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second sections of the product conduit is transferred to the first and second sections of the 
jacket in the pipeline, respectively. 

Most typically, the outer portion of contemplated field joints is separated into two 
ring-shaped elements that are coupled to the inner portion via an angled connector, and/or a 
sleeve is disposed in a space between the two ring-shaped elements. In further preferred 
aspects, insulating material may be coupled to at least one of the product conduit and the 
inner portion, and insulating material may cover the outer portion to form an external 
insulation. 

In a still further aspect of the inventive subject matter, a method of coupling first and 
second pipe*in-pipe pipelines may therefore include a step in which a field joint is provided 
that has an inner portion and an outer portion. In another step, the inner portion is coupled to 
a first and a second section of a product conduit in a pipe-in-pipe pipeline, and in yet another 
step, the outer portion is coupled to a first and a second section of a jacket in the pipe-in-pipe 
pipeline, wherein the step of fluidly coupling and coupling is performed such that the inner 
and outer portions cooperate to transfer thermal stress loads from the first and second sections 
of the product conduit to the first and second sections of the jacket in the pipe-in-pipe 
pipeline, respectively. 

Various objects, features, aspects and advantages of the present invention will become 
more apparent from the accompanying drawing and the following detailed description of 
preferred embodiments of the invention. 

Brief Description of the Drawing 

Figure 1 A is a schematic of a section of one pipeline with a bulkhead according to the 
inventive subject matter. 

Figure IB is a detail view of the bulkhead of Figure 1 A. 

Figure IC is a schematic of a section of another pipeline with a bulkhead according to 
the inventive subject matter. 

Figure ID is a detail view of. the bulkhead of Figure IC. 
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Figure 2 A is schematic of another section of the pipeline of Figure 1 A without a 
bulkhead. 

Figure 3 is a photograph of an exemplary inner product pipe that is surroimded by 
insulation and to which spacers are coupled to support an outer pipe. 

5 Detailed Description 

The inventors discovered that pipelines, and especially those transporting material at 
sub-ambient temperature (e,g,^ cryogenic material) can be constructed in a manner such that 
the pipeline has both increased mechanical stability and desirable thermal insulation while 
maintaining a mechanically simple structure, which is relatively inexpensive to manufacture 
10 and install. 

In particularly preferred aspects of the inventive subject matter, a cryogenic pipeline is 
manufactured from conventional materials. For example, the product pipe in a pipe-in-pipe 
pipeline can be manufactured from steel rated for cryogenic service 9% Nickel steel), 
while the jacket pipe can be manufactured from carbon steel. Thermal insulation in such 
15 configurations is preferably a high performance nanoporous aerogel product, typically about 2 
inches thick, in blanket form installed within the annular space at ambient pressure. 

In one exemplary aspect of the inventive subject matter, a plurality of bulkheads (non- 
metallic, hybrid, or metallic) and spacers are employed to create an annular space between a 
product pipline and a outer pipeline, wherein the annular space is at least partally filled with a 

20 microporous or nanoporous insulating material. The bulkheads are preferably configured (and 
coupled to the inner and outer pipeline) such that the bulkheads transfer the contraction 
induced axial compression load on the inner cryogenic product pipeine(s) to the outer jacket 
pipeline. In most embodiments of such pipelines, the pressure in the annular space will be 
ambient pressure. Consequently, it should be appreciated that the so configured pipe(s)-in- 

25 pipe system frinctions as a structual column, with thermal insulation maintained in the annular 
space in an ambient pressure environment, thereby eliminating the need for expensive alloys, 
vacuum generation/maintenance, or use of expansion bellows. 

More particularly, in further preferred aspects of the inventive subject matter, the 

bulkheads that connect the inner and outer pipelines at the ends of the pipeline balance 

30 compression forces with rigidity of the outer pipeline. In such configurations, contraction 
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forces transferred to the external pipeline, which is thereby compressed. To prevent buckling, 
spacers {e.g., thermally isolating) are placed around the inner product pipeline that maintain a 
predetermined distance between the pipes, while further cryogenic foam (e.g., nanoporous or 
microporous foam) is placed around the remaining surface of the product pipeline. It should 
5 be especially appreciated that such pipeline configurations advantageously allow use of 9% 
nickel steel for the product pipeline to reduce cost of manufacture. 

For example, one preferred pipeline is depicted in Figure 1 A. Here, the pipeline lOOA 
is configured as a pipe-in-pipe pipeline having an inner product pipe that is formed by first 
and second imier pipe sections 1 1 OA and 11 OA', respectively. The outer pipe sections 120A 
10 and 120A* circumferentially enclose the inner sections. Field joint 120A comprises an inner 
portion 122A that forms part of the product conduit via fluid coupling to the inner pipes, and 
an outer portion 124 A and 124 A* that are coupled to the outer pipe sections 120 A and 120A'. 
An additional outer intermediate section 126A couples the outer portions 124A and 124A', 
and an insulating layer 130A may be provided to reduce potential cold loss. 

Figure IB depicts a detail view of the field joint 120A of Figure lA. Here, the inner 
portion 122B is welded to the irmer pipe sections HOB and 1 lOB*, re^ectively, and fiirther 
welded to the outer portions 124B and 124B' that are in turn welded to the outer pipe sections 
120B and 120B'. As above, intermediate section 126B is welded to the outer portions .124B 
and 124B'. Of course, it should be recognized that while it is generally preferred that the field 
joint is constructed in situ by welding, unitary field joints may also be employed (which then 
have to be only welded (or otherwise coupled, including screwing, flanging, and gluing) to 
the inner and outer sections. Several grades of stainless steel have been evaluated for the 
configuration, and depending upon the service requirements and pipeline configuration, it has 
been determined that the following materials are particularly preferred for use in the 
contemplated configurations (Type 316 stainless steel (ASTM A3 12), and/or 9Ni Steel 
(ASTM 333 Grade 8 pipe)). It should further be recognized that the inner and/or outer pipe 
may be installed with pretension to relax/contract upon cooling when the cryogenic material 
is conveyed. However, non-pretensioned configurations are generally preferred. 

Alternatively, as depicted in Figure IC, the thermal stress may also be transferred 
30 fh>m the inner pipe sections to the outer pipe using a non-metallic bulkhead in which thermal 
stress is transferred ftom the inner pipe sections 1 IOC and 1 IOC to the outer pipe sections 
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120C and 120C via friction and shear connectors using inner and outer surfaces of the non- 
metallic bulkhead HOC. A more detailed exemplary view of the non-metallic bulkhead of 
Figure IC is given in Figure ID in which the inner and outer insulation are not shown. 

The non-metallic bulkheads contemplated herein are typically used as intermediate 
5 bulkheads, which provide some thermal stress load transfer sharing with the primary end 
bulkheads, which are preferably metallic. The non-metallic bulkheads preferably include a 
hardened syntactic foam, which not only acts as an insulator, but also as a medium upon 
which to transfer the thermal stresses, which are transferred through friction between the 
inner conduit and the outer casing pipe. It may be necessary, depending upon the final 

10 thermal stress loads for the application to add shear connectors, which may be welded as 
"^bands to the field joint or formed in a pre-fabricated or forged shape. These field joint pieces 
can be installed between two regular sections of pipe and most preferably also form a product 
conduit. The inner conduit would be a short section of pipe with the shear connectors 
attached to the external surface, while the outer pipe-^would include a split sleeve to facilitate 

15 assembly and welding (the shear connectors would be applied to the inner surface, as shown 
in Figure ID). 

It should be appreciated that the shear connectors may have various shapes, and the 
particular shape and configuration will at least in part depend upon the final design of the 
non-metallic bulkhead, the material properties of the inner non-metallic. insulation, and/or the 
20 connector shape. It is fiirther contemplated that the non-metallic bulkhead could be secured 
to the inner conduit and outer casing pipe with epoxy glue beads or binders to facilitate the 
transfer by fiiction and wall surface shear. 

In general, it is preferred that metallic bulkheads would be used at the ends of a pipe- 
in-pipe configuration or at transitional changes in direction, such as at a bend of the pipeline. 

25 Non-metallic bulkheads would primarily be used, if used at all, as intermediate bulkheads to 
transfer thermal stresses in areas where the loads are smaller than at the ends. In a buried or 
restrained pipeline, the ends would attempt to move more than the inner portion of the 
pipeline as the loads along the external casing pipe are transfeired to the soil in a buried 
pipeline (or in the case of an above ground pipeline, through restraints on sleepers along its 

30 length). 
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Therefore, it is generally preferred that two bulkheads cooperate to seal the annular 
space between the bulkheads. In this configuration, it is typically preferred that the annular 
space is kept at ambient pressure. However, there may be an advantage to keep the annular 
space at a slightly higher pressure than ambient when incorporating a leak detection system 
5 into the overall design. In this case, any change in annular pressure results in a detection of a • 
leak, either external or internal. 

Metallic bulkheads are used at the ends to effect sealing of the annular space and to 
allow transfer of the contraction inducted axial compression load. Additionally, non-metallic 
bulkheads are used throughout the pipeline configuration to provide additional sealing or 

10 water stops and to provide additional load transfer. Between these bulkheads, and to facilitate 
fabrication, non-metallic spacers or centralizers are used to provide additional support and 
structural rigidity. Exemplary non-metallic spacers are depicted in Figure 3 (outer pipe not 
shown) in which the inner pipe is enclosed by a nanofoamed insulator 302 (e.g., ^various 
commercially aerogel or other flexible insulation blankets). Spacers 304 are preferably made 

15 from an insulating material and rest in the inner pipe, and a restraining band 306 maintains 
the spacers in a predetermined position. 

Insulation and spacer material is preferably kept in an ambient pressure environment, 
which may be produced through sealing by metal or non-metal bulkheads. The bulkheads 
transfer the contraction induced axial compression load on the inner cryogenic carrier pipe(s) 
20 to the extemal jacket pipe. The resulting pipeline bimdle is a structural element, which 

addresses the thermal contraction & expansion loads without resorting to expansion bellows 
or ultra-low thermal contraction alloys. 

Further mechanical stability may be imparted by placing the pipe-in-pipe assembly in 
a restraining environment. For example, contemplated pipelines may be placed in a trench 
25 with select back-fill material installed over the pipeline. Therefore, in such configurations, the 
load on the bulkheads and outer pipeline is transferred into the surrounding soil. Similarly, 
the pipelines can also be constrained above ground. For example, the pipeline may be placed 
on a foundation of sleepers that contain sliding or gimbaled supports. 

It is generally contemplated that installation of the (pre-fabricated and/or assembled) 
30 pipeline can be done by numerous methods well known in the art, and it should be recognized 
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that the particular method of installation will at least in part depend on the configuration and 
weight of the pipeline. However, particularly preferred methods of installation include the 
towed method of installation or installation by a surface barge. 

With respect to a particular pipeline configuration, it is contemplated that the specific 
5 needs will generally dictate the configuration. For example, the internal diameter of a pipeline 
is typically sized to handle flow requirements for discharging LNG tankers within a specific 
time firame. Therefore, in such methods of use, pipeline wall thickness will normally be such 
that the diameter to wall thickness ratio is below SO, which will allow the pipeline to be 
operated at the low pressures expected. Similar pipeline bundle configurations have been 

10 built for bottom tow and controlled depth towed methods of installation in maximum lengths 
between 7 and 10 miles and towed to an installation site over a distance of between 400 and 
500 nautical miles. On the other hand, and especially where a longer tie-back to an onshore 
site is required, it is contemplated to extend the maximum length beyond 10 miles by 
changing the LNG product from a low pressure flow to a higher dense phase pressure flow 

15 that keeps the LNG within a range to minimize vapor boil off. This configiu^ation, however, 
requires an increase in the product transfer pipeline wall thickness and a subsequent change in 
the overall design, with a corresponding reduction in insulation requirements. 

In still fiirther contemplated aspects, it is preferred that the pipeline will comprise a 
. monitoring system to address the issues of safety and security in the transport of cryogenic 

20 materials in a sub-sea environment. For example, in especially preferred aspects, one or more 
fiber-optic sensors may be provided to measure real-time strain, temperature, vibration, and 
flow for pipelines in deepwater as schematically depicted in Figure 2, in which sensors 210, 
220, and 230 may be coupled to the inner pipe, outer pipe, and/or be disposed in the 
insulation space between inner and outer pipes, respectively. Among other advantages, fiber- 

25 optic sensors are attractive in deepwater applications because of their multiplexing capability, 
immunity to electro-magnetic interference, ruggedness, and long distance signal transmission 
ability. Further benefits of fiber-optic sensors include their lightweight construction and 
relatively small size, and their long life. Still further, fiber-optic sensors are often 
inert/corrosion resistant, have little or no impact on the physical structure that is to be 

30 surveyed, and can be safely operated in an environment with explosive or flammable 
materials. Recent monitoring experiments by the inventors successfully used fiber-optic 
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sensors (data not shown), and included cryogenic temperature monitoring, strain, and heat 
flux of contemplated LNG pipeline test sections. 

While contemplated pipeline configuration and methods are preferably employed for 
cryogenic gases and liquids, and especially for LNG offloading and offshore LNG terminals, 
numerous alternative uses are also considered suitable herein. For example, contemplated 
altemative uses include transfer lines for floating LNG production, storage, and offloading 
vessels, liquid hydrogen and oxygen fueling lines for aerospace or other applications, and 
other applications that need to transport cryogenic products through pipelines. Additionally 
contemplated uses include LPG transport, transport of gases and liquids having a temperature 
below ambient temperature (e.g., liquefied carbon dioxide, LPG, liquid nitrogen, etc.). 

Thus, specific embodiments and applications of pipeline configurations and methods 
have been disclosed. It should be apparent, however, to those skilled in the art that many 
more modifications besides those already described are possible without departing from the 
inventive concepts herein. The inventive subject matter, therefore, is not to be restricted 
15 except in the spirit of the appended claims. Moreover, in interpreting both the specification 
and the claims, all terms should be interpreted in the broadest possible manner consistent with 
the context. In particular, the terms "comprises" and "comprising" should be interpreted as 
referring to elements, components, or steps in a non-exclusive manner, indicating that the 
referenced elements, components, or steps may be present, or utilized, or combined with, other 
20 elements, components, or steps that are not expressly referenced. Furthermore, where a 
definition or use. of a term in a reference, which is incorporated by reference herein is 
inconsistent or contrary to the definition of that term provided herein, the definition of that 
term provided herein applies and the definition of that term in the reference does not apply. 
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